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1. Introduction
In electromagnetic wave propagation through the earth’s atmosphere like satellite
communications, it is known that random fluctuations of the dielectric constant of atmosphere
affect propagation characteristics of electromagnetic waves (Fante, 1975; 1980; Ishimaru, 1997;
Rytov et al., 1989; Strohbehn, 1977; Tatarskii, 1961; 1971; Tatarskii et al., 1993; Uscinski, 1977;
Wheelon, 2003). The random fluctuations, called atmospheric turbulence, cause spot dancing,
wave form distortion, scintillations of the received intensity, the decrease in the spatial
coherence of wave beams etc. These effects make the received power decrease, and result
in the degradation in the performance on satellite communication links. Fig. 1 shows the
image of spot dancing and wave form distortion of wave beams. Fig. 2 presents the image of
the decrease in the spatial coherence of transmitted waves due to a wave front distortion.
The effects of atmospheric turbulence are not negligible in satellite communications in high
carrier frequencies at low elevation angles. For example, tropospheric scintillation, caused by
turbulence in the lowest layer of atmosphere, has been observed in satellite communications
in Ku-band at low elevation angles (Karasawa, Yamada & Allnutt, 1988; Karasawa, Yasukawa
& Yamada, 1988). Therefore, it becomes important to consider the effects of atmospheric
turbulence appropriately in the design of such satellite communication systems. Somemodels
to predict tropospheric scintillation have been developed for applications up to around 14
GHz in the carrier frequency on the basis of both theoretical and empirical studies (Ippolito,
2008). However, because a carrier frequency becomes higher according to the increase in
the required channel capacity of satellite communication links in the next generation, the
analysis of the effects of atmospheric turbulence should be done for applications at the higher
carrier frequencies such as Ka-band, a millimeter wave and an optical wave. Some studies are
conducted for satellite communications in such frequencies (Marzano et al., 1999; Matricciani
et al., 1997; Matricciani & Riva, 2008; Mayer et al., 1997; Otung, 1996; Otung & Savvaris, 2003;
Peeters et al., 1997).
We study the effects of atmospheric turbulence on satellite communications in such high
frequencies by the theoretical analysis of the moments of wave fields given on the basis of a
multiple scattering method (Tateiba, 1974; 1975; 1982). We investigate the method to estimate
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Fig. 1. Spot dancing and wave form distortion of wave beams through atmospheric
turbulence where I(r, z) denotes the intensity of a wave beam at (r, z).
the effect on bit error rate (BER) which is one of the most important parameters to determine
the system performance (Hanada et al., 2008a;b; 2009a;b;c;d). The probability density function
(PDF) of Eb/N0 (the energy per bit to noise power density ratio) is needed in the analysis of
BER for satellite communications. However, it is very difficult to derive the arbitrary order
moment and the PDF by the multiple scattering theory, so that the alternative method to
estimate effects of atmospheric turbulence on BER has to be considered.
In this chapter, we give attention to the average value of received powerwhich can be obtained
by the secondmoment of a Gaussianwave beam, and thenwe formulate BER derived from the
average received power. We provide the method to estimate effects of atmospheric turbulence
on satellite communications by analyzing the degradation in BER performance due to the
decrease in the average received power.
Sec. 2 presents formulations which are used in the analysis of BER on satellite
communications. We introduce the second moment of a Gaussian wave beam obtained by
the moment equation. Using the second moment of a Gaussian wave beam, we prepare the
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Fig. 2. Decrease in the spatial coherence of transmitted waves due to a wave front distortion.
modulus of the complex degree of coherence (DOC) and the BER derived from the average
received power.
Sec. 3 shows the results of analysis of the effect of atmospheric turbulence on satellite
communications in Ka-band at low elevation angles. We analyze the DOC and the BER
derived from the average received power for the uplink and the downlink, respectively.
Furthermore, we analyze the effect of atmospheric turbulence on the BER when we make
an aperture radius of the ground station’s antenna large in order to increase the antenna gain
and improve BER performance.
Sec. 4 provides a summary of this chapter and subjects to resolve in future.
2. Formulation
2.1 Moment of received waves
We assume that an inhomogeneous random medium, which represents atmospheric
turbulence, is characterized by fluctuations of the dielectric constant. The dielectric constant
ε, the magnetic permeability µ and the conductivity σ are expressed as
ε = ε0[1+ δε(r, z)] (1)
µ = µ0 (2)
σ = 0, (3)
where r = ixx + iyy (ix and iy denote the unit vectors of x and y coordinates, respectively) and
ε0 and µ0 are the dielectric constant and the magnetic permeability for free space, respectively.
The function δε(r, z) is a Gaussian random function with the properties:
〈δε(r, z)〉 = 0 (4)
〈δε(r1, z1) · δε(r2, z2)〉 = B(r−, z+, z−), (5)
where r− = r1 − r2, z+ = (z1 + z2)/2, z− = z1 − z2, B(r−, z+, z−) is the correlation function
of random dielectric constant and the bracket notation 〈·〉 denotes an ensemble average of the
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quantity inside the brackets. Thus the medium fluctuates inhomogeneously in the z direction
and homogeneously in the r direction. Moreover, we assume that for any z,
B(0, z, 0) ≪ 1 (6)
kl(z) ≫ 1, (7)
where k = 2pi/λ is the wave number for free space and λ is the wave length. The wave length
can be described by λ = c/ f , where c and f are velocity of light and the carrier frequency,
respectively. The function l(z) is the local correlation length of δε(r, z). The medium changes
little the state of polarization of the wave under the conditions (6) and (7), and the present
analysis can be made in the scalar approximation. In addition, the forward scattering and the
small angle approximations can be applied.
We represent u(r, z) as a successively forward scattered wave with exp(−jwt) time
dependence in the inhomogeneous random medium. Fig. 3 shows a model of wave
propagation in the inhomogeneous random medium. An arbitrary order moment of u(r, z),
which is defined as
Mµν(z) ≡
〈
µ
∏ u(sm, z)
ν
∏ u∗(tn, z)
〉
, (8)
satisfies the following moment equation (Tateiba, 1982):
[
∂
∂z
−j
1
2k
(
µ
∑∇2sm −
ν
∑∇2tn
)
− j(µ− ν)k
]
Mµν(z)
= −
{
k2
4
∫ z
0
dz′
[
(µ− ν)2B
(
0, z−
z′
2
, z′
)
+
µ
∑
m=1
ν
∑
n=1
D
(
sm − tn, z−
z′
2
, z′
)
−
µ
∑
m=1
µ
∑
n>m
D
(
sm − sn, z−
z′
2
, z′
)
−
ν
∑
m=1
ν
∑
n>m
D
(
tm − tn, z−
z′
2
, z′
)]}
Mµν(z)
Mµν(0) = M
in
µν(0), (9)
Fig. 3. Model of wave propagation in an inhomogeneous random medium.
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where ∇ = ix∂/(∂x) + iy∂/(∂y),
D (r−, z+, z−) = 2 [B (0, z+, z−)− B (r−, z+, z−)] (10)
Minµν(z) =
µ
∏ uin(sm, z)
ν
∏ u∗in(tn, z), (11)
and uin(r, z) represents a transmitted waves which is a wave function in free space where
δε(r, z) = 0. The function D (r−, z+, z−) is the structure function of random dielectric
constant. The exact solutions to (9), however, have not been obtained except for the second
moment, which is one of the most important unsolved problems. The second moment of
u(r, z) can be derived as follows (Tateiba, 1985):
M11(r+, r−, z) = 〈u(r1, z)u
∗(r2, z)〉
=
1
(2pi)2
∫∫ ∞
−∞
dκ+ Mˆ
in
11(κ+, r−, z)
· exp
[
jκ+ · r− −
k2
4
∫ z
0
dz1
∫ z1
0
dz2 D
(
r− −
z− z1
k
κ+, z1 −
z2
2
, z2
)]
, (12)
where r+ = (r1 + r2)/2,
Mˆin11(κ+, r−, z) =
∫∫ ∞
−∞
dr+ M
in
11(r+, r−, z) exp (−jκ+ · r+) (13)
Min11(r+, r−, z) = uin(r1, z)u
∗
in(r2, z). (14)
2.2 Second moment for Gaussian wave beam
A transmitted wave is assumed to be a Gaussian wave beam, where the transmitting antenna
is located in the plane z = 0 and the amplitude distribution is Gaussian with the minimum
spot size w0 at z = −z0 and w0 denotes the radius at which the field amplitude falls to 1/e of
that on the beam axis (see Fig. 4). Then, the wave field in free space (Tateiba, 1985) is given by
uin(r, z) =
√
2A
pi
1
w
exp
[
−(1− jp)
r2
w2
+ j(kz− β)
]
, (15)
Fig. 4. Gaussian wave beam.
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where A is constant, r = |r| and
w = w0(1+ p
2)1/2 (16)
p = 2(z + z0)/(kw
2
0) (17)
β = tan−1 p. (18)
Therefore,
Min11(r+, r−, z) =
2A
piw2
exp
[
−
2
w2
r2+ + j
2p
w2
(r+ · r−)−
r2−
2w2
]
(19)
Mˆin11(κ+, r−, z) = A exp
[
−
w2
8
κ2+ +
p
2
(r− · κ+)−
r2−
2w20
]
. (20)
Substituting (20) into (12), the second moment for a Gaussian wave beam is given by
M11(r+, r−, z) =
A
(2pi)2
∫∫ ∞
−∞
dκ+ exp
[
−
w2
8
κ2+ +
(
jr+ +
p
2
r−
)
· κ+ −
r2−
2w20
−
k2
4
∫ z
0
dz1
∫ z1
0
dz2 D
(
r− −
z− z1
k
κ+, z1 −
z2
2
, z2
)]
. (21)
2.3 Structure function of random dielectric constant
We assume that the correlation function of random dielectric constant defined by (5) satisfies
the Kolmogorov model. We use the von Karman spectrum (Ishimaru, 1997) which is the
modified model of the Kolmogorov spectrum to be applicable over all wave numbers κ for
|r− + izz−|:
Φn(κ, z+) = 0.033C
2
n(z+)
exp
(
−κ2/κ2m
)
(
κ2 + 1/L20
)11/6 , 0 ≤ κ < ∞ (22)
where κm = 5.92/l0. Parameters C
2
n(z+), L0 and l0 denote the refractive index structure
constant, the outer scale and the inner scale of turbulence, respectively.
Here, we assume that the dielectric constant is delta correlated in the direction of propagation,
which is the Markov approximation (Tatarskii, 1971). On this assumption, B(r−, z+, z−) can
be expressed by using the Dirac delta function δ(z) as follows:
B(r−, z+, z−) = 16pi
2δ(z−)
∫ ∞
0
dκ κΦn(κ, z+)J0(κr−), (23)
where J0(z) is the Bessel function of the first kind and order zero. Therefore, we obtain the
structure function defined by (10) as follows:
D(r−, z+, z−) = 32pi
2δ(z−)
∫ ∞
0
dκ κΦn(κ, z+) [1− J0(κr−)]
= δ(z−) ·
96pi2
5
· 0.033C2n(z+)L
5/3
0
[
1− Γ
(
1
6
)(
r−
2L0
)5/6
I−5/6
(
r−
L0
)
+Γ
(
1
6
)(
1
κmL0
)5/3 ∞
∑
n=0
1
n!
(
1
κmL0
)2n
1F1
(
−n−
5
6
; 1;−
κ2mr
2
−
4
)]
, (24)
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where Γ(z), 1F1(a; b; z) and Iν(z) are the gamma function, the confluent hypergeometric
function of the first kind and the modified Bessel function of the first kind, respectively. Note
that we use the solution including an infinite series (Wang & Strohbehn, 1974) in order to ease
the numerical analysis of the integral with respect to κ.
2.4 Model of analysis
We analyze effects of atmospheric turbulence on the GEO satellite communications for
Ka-band at low elevation angles. Fig. 5 shows the propagation model between the earth
and the GEO satellite. The earth radius, the altitude of satellite and the elevation angle are
expressed by R, L and θ, respectively. A height of the top of atmospheric turbulence is shown
by ht. The zL is the distance from a transmitting antenna to a receiving antenna:
zL =
√
(R + L)2 − (R cos θ)2 − R sin θ, (25)
and zht is the distance of propagation through atmospheric turbulence:
zht =
√
(R + ht)2 − (R cos θ)2 − R sin θ. (26)
Note that zL ≫ zht is satisfied for the GEO satellite communications. Therefore, for the uplink,
we can approximate z − z1 ≃ z in the integral with respect to z1 in (21), and then express the
second moment of received waves at the GEO satellite:
M11(r+, r−, zUL) ≃
A
(2pi)2
∫∫ ∞
−∞
dκ+ exp
[
−
w2
8
κ2+ +
(
jr+ +
p
2
r−
)
· κ+ −
r2−
2w20
−
k2
4
∫ zUL
0
dz1
∫ z1
0
dz2 D
(
r− −
zUL
k
κ+, z1 −
z2
2
, z2
)]
, (27)
Fig. 5. Earth – GEO satellite propagation model.
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where zUL = zL, w = w0
√
1+ p2, p = 2zL/(kw
2
0) and the subscript of zUL denotes the uplink.
On the other hand, for the downlink, the statistical characteristics of a wave beam’s
incidence into atmospheric turbulence can be approximately treated as those of a plane
wave’s incidence. Thus the second moment of received waves at the ground station can be
approximately expressed by
M11(r+, r−, zDL) ≃
2A
piw2
exp
[
−
k2
4
∫ zDL
0
dz1
∫ z1
0
dz2 D
(
r−, z1 −
z2
2
, z2
)]
, (28)
where zDL = zht, w = w0
√
1+ p2, p = 2(zL − zh1)/(kw
2
0) and the subscript of zDL denotes
the downlink.
Here, the refractive index structure constant is assumed to be a function of altitude.
Referring to some researches for the dependence of the refractive index structure
constant in boundary layer (Tatarskii, 1971) and in free atmosphere (Martini et al., 2006;
Vasseur, 1999) on altitude, we assume the following vertical profile as a function of
altitude: h =
√
(z + R sin θ)2 + (R cos θ)2 − R.
C2n(h) = C
2
n0
(
1+
h
hs1
)−2/3
, for 0 ≤ h < h1
= C2n0
(
1+
h1
hs1
)−2/3 ( h
h1
)−4/3
, for h1 ≤ h < h2 (29)
= C2n0
(
1+
h1
hs1
)−2/3 ( h2
h1
)−4/3
exp
(
−
h− h2
hs2
)
, for h2 ≤ h ≤ ht
Fig. 6. Vertical profile of refractive index structure constant as a function of altitude.
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ITEM VALUE
Carrier frequency (uplink / downlink): f 30.0/20.0 GHz
Velocity of light: c 3.0× 108 m/s
Elevation angle: θ 5.0 deg
Aperture radius of an antenna in the GEO satellite 1.2 m
Aperture radius of an antenna in the ground station 1.2 to 7.5 m
Earth radius: R 6,378 km
Height of GEO satellite: L 35,786 km
Height of the top of atmospheric turbulence: ht 20 km
Refractive index structure constant at the ground level: C2n0 1.0× 10
−10 m−2/3
Outer scale of turbulence: L0 100 m
Inner scale of turbulence: l0 1 mm
Table 1. Parameters used in analysis.
where h1 = 50 m, h2 = 2, 000 m, ht = 20, 000 m, hs1 = 2 m and hs2 = 1, 750 m. Fig. 6 shows a
vertical profile of the refractive index structure constant. We assume C2n0 = 1.0× 10
−10 m−2/3
by referring to the profile of the standard deviation value obtained by Reference (Vasseur,
1999). We set L0 = 100 m and l0 = 1 mm.
Table 1 shows parameters used in analysis.
2.5 Modulus of complex degree of coherence
Using the second moment of received waves, we examine the loss of spatial coherence of
received waves on the aperture of a receiving antenna by the modulus of the complex degree
of coherence (DOC) (Andrews & Phillips, 2005) defined by
DOC(ρ, z) =
M11(0,ρ, z)
[M11(ρ/2, 0, z)M11(−ρ/2, 0, z)]1/2
, (30)
where ρ = |ρ| is the separation distance between received wave fields at two points on the
aperture as shown in Fig. 7.
Fig. 7. Modulus of complex degree of coherence.
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2.6 BER derived from average received power
We define BER derived from the average received power obtained by the second moment
of received waves. Here we assume a parabolic antenna as a receiving antenna. When a
point detector is placed at the focus of a parabolic concentrator, the instantaneous response
in the receiving antenna is proportional to the electric field strength averaged over the area
of the reflector. When the aperture size is large relative to the electromagnetic wavelength,
the electric field strength averaged over the area of the reflector in free space can be
described (Wheelon, 2003) by
uin(z) =
1
Se
∫∫ ∞
−∞
dr uin(r, z)g(r), (31)
where Se is the effective area of a reflector. The field distribution g(r) is defined by a Gaussian
distribution of attenuation across the aperture with an effective radius ae:
g(r) = exp
(
−
r2
a2e
)
. (32)
Then the power received by the antenna in free space is given by
Pin(z) = Se ·
Re[uin(z) · u
∗
in(z)]
Z0
=
1
SeZ0
· Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr−M
in
11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)]
, (33)
where Re[x] denotes the real part of x and Z0 is the characteristic impedance. The energy per
bit Eb can be obtained by the product of the received power Pin(z) and the bit time Tb:
Eb = Pin(z) · Tb
=
Tb
SeZ0
· Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr− M
in
11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)]
. (34)
We define the average energy per bit 〈Eb〉 affected by atmospheric turbulence as the product
of the average received power and Tb. The average received power is given by the second
moment of received waves:
〈P(z)〉 =
1
SeZ0
· Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr− M11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)]
. (35)
Therefore,
〈Eb〉 = 〈P(z)〉 · Tb
=
Tb
SeZ0
· Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr− M11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)]
. (36)
We consider QPSK modulation which is very popular among satellite communications. It is
known that BER in QPSK modulation is defined by
PE =
1
2
erfc
(√
Eb
N0
)
, (37)
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where erfc(x) is the complementary error function. We define BER derived from the average
received power in order to evaluate the influence of atmospheric turbulence as follows:
PEP =
1
2
erfc
⎛
⎝
√
〈Eb〉
N0
⎞
⎠ . (38)
And then, using Eb in free space obtained by (34), the BER can be expressed by
PEP =
1
2
erfc
(√
SP ·
Eb
N0
)
, (39)
where the normalized received power SP is given by
SP =
〈Eb〉
Eb
=
〈P(z)〉
Pin(z)
=
Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr− M11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)]
Re
[∫∫ ∞
−∞
∫∫ ∞
−∞
dr+dr− M
in
11(r+, r−, z) exp
(
−
2
a2e
r2+ −
1
2a2e
r2−
)] . (40)
If the DOC is almost unity where the decrease in the spatial coherence of received waves is
negligible, the received power can be replaced with the integration of the intensity I(r, z) =
|u(r, z)|2 over the receiving antenna. The received intensity in free space Iin(z) and the average
received intensity affected by atmospheric turbulence 〈I(z)〉 are respectively given by
Iin(z) =
∫∫ ∞
−∞
dr Min11(r, 0, z) exp
(
−
2r2
a2e
)
(41)
〈I(z)〉 =
∫∫ ∞
−∞
dr M11(r, 0, z) exp
(
−
2r2
a2e
)
. (42)
Under the condition where the DOC is almost unity, we can reduce the number of the surface
integral in calculation of (40) and then obtain BER derived from the average received intensity
as follows:
PEI =
1
2
erfc
⎛
⎝
√
〈Eb〉
N0
⎞
⎠ = 1
2
erfc
(√
SI ·
Eb
N0
)
, (43)
where the normalized average received intensity SI is given by
SI =
〈Eb〉
Eb
=
〈I(z)〉
Iin(z)
=
∫∫ ∞
−∞
dr M11(r, 0, z) exp
(
−
2r2
a2e
)
∫∫ ∞
−∞
dr Min11(r, 0, z) exp
(
−
2r2
a2e
) . (44)
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3. Results
3.1 Modulus of complex degree of coherence
3.1.1 Uplink
Substituting (24) and (27) into (30), the DOC at the GEO satellite in the uplink can be described
by
DOC(ρ, zUL) =
∫ ∞
0
dκ+
∫ 2pi
0
dθ κ+ exp
[
−
w2
8
κ2+ +
p
2
κ+ρ cos θ −
ρ2
2w20
− H
(
ρ−
zL
k
κ+, 0, zht
) ]
·
{
2pi
∫ ∞
0
dκ+ κ+ J0
( κ+ρ
2
)
exp
[
−
w2
8
κ2+ − H
(
−
zL
k
κ+, 0, zht
)]}−1
, (45)
where
H
(
ρ
′, 0, zht
)
=
12
5
(kpi)2L5/30
∫ zht
0
dz1 0.033C
2
n(z1)
·
[
1+ Γ
(
1
6
)(
1
κmL0
)5/3 ∞
∑
i=0
1
i!
(
1
κmL0
)2i
1F1
(
−i−
5
6
; 1;−
κ2mρ
′2
4
)
− exp
(
ρ′
L0
)
1F1
(
−
1
3
;−
2
3
;−
2ρ′
L0
)]
, (46)
and
ρ′ =
∣∣ρ′∣∣ =
⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
√
ρ2 − 2ρ
zL
k
κ+ cos θ +
z2L
k2
κ2+ in ρ
′ = ρ−
zL
k
κ+
zL
k
κ+ in ρ
′ = −
zL
k
κ+.
(47)
Fig. 8 shows that the DOC in the uplink is almost unity within the size of an aperture diameter
of the receiving antenna of the GEO satellite (ρ  2ae). It means that the spatial coherence of
received waves keeps enough large within the receiving antenna.
3.1.2 Downlink
Substituting (24) and (28) into (30), the DOC at the ground station in the downlink is obtained
by
DOC(ρ, zDL) = exp
[
− H (ρ, zL − zht, zL)
]
, (48)
where
H (ρ, zL − zht, zL) =
12
5
(kpi)2L5/30
∫ zL
zL−zht
dz1 0.033C
2
n(z1)
·
[
1+ Γ
(
1
6
)(
1
κmL0
)5/3 ∞
∑
i=0
1
i!
(
1
κmL0
)2i
1F1
(
−i−
5
6
; 1;−
κ2mr
2
4
)
− exp
(
r
L0
)
1F1
(
−
1
3
;−
2
3
;−
2r
L0
)]
. (49)
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Fig. 8. The modulus of complex degree of coherence of received waves in the uplink for
various beam radius at the transmitting antenna as a function of the separation distance
between received wave fields at two points in the plane of the receiving antenna scaled by an
aperture diameter of the receiving antenna 2ae.
Fig. 9. Same as Fig. 8 except for the downlink where a beam radius at the transmitting
antenna w0 = 1.2 m for various aperture radius of the receiving antenna ae.
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As shown in Fig. 9, it is found that the decrease in the spatial coherence of received waves
can not be neglected within a receiving antenna of the ground station. It indicates that an
influence of the spatial coherence of received waves has to be considered in the analysis of
BER in the downlink.
3.2 BER derived from average received power
3.2.1 Uplink
The BER derived from the average received intensity defined by (43) and (44) can be used for
the uplink because the spatial coherence of received waves keeps enough large as shown in
Fig. 8. Using (24), (27), (43) and (44), the BER can be expressed by
PEI =
1
2
erfc
(√
SI ·
Eb
N0
)
(50)
SI =
w2 + a2e
4
∫ ∞
0
dκ+ κ+ exp
[
−
w2 + a2e
8
κ2+ − H
(
−
zL
k
κ+, 0, zht
)]
(51)
Fig. 10. BER derived from the average received intensity (PEI) in the uplink in w0 = 7.5 m.
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H
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)
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(kpi)2L5/30
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0
dz1 0.033C
2
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·
⎡
1+ Γ(1
6
)(
1
κ2mL
2
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1
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1
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2
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2
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)
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)
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2zL
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. (52)
Fig. 10 shows the BER affected by atmospheric turbulence in the uplink when wave beams
are transmitted from the large aperture antenna where w0 = 7.5 m. As reference, we plot a
dashed line as the BER in the absence of atmospheric turbulence given by (37). It is found
that BER increases compared with one in the absence of atmospheric turbulence. Because we
have already shown that the decrease in the spatial coherence of received waves is negligible,
we predict that the increase in BER is caused by the decrease in the average received intensity
due to spot dancing shown in Fig. 1.
3.2.2 Downlink
For the downlink, the decrease in the spatial coherence of received waves can not be ignored
as shown in Fig. 9. Therefore, we have to analyze the BER derived from the average received
power defined by (39) and (40) which include an influence of the spatial coherence of received
waves. Using (24), (28), (39) and (40), we obtain the BER as follows:
PEP =
1
2
erfc
(√
SP ·
Eb
N0
)
(53)
SP =
1
a2e
∫ ∞
0
dr− r− exp
[
−
r2−
2a2e
− H (r−, zL − zht, zL)
]
(54)
H (r−, zL − zht, zL) =
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5
(kpi)2L5/30
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2
n(z1)
·
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1
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)2i
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2
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4
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− exp
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r
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)
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(
−
1
3
;−
2
3
;−
2r−
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)]
. (55)
Fig. 11 shows the BER affected by atmospheric turbulence in the downlink when wave beams
are received by the large aperture antenna where ae = 7.5 m. It is found that the decrease
in the spatial coherence of received waves causes the decrease in the average received power
and result in the increase in BER. Note that an influences of spot dancing is negligible because
a statistical characteristics of received waves can be considered as a plane wave as mentioned
in the introduction of (28)
3.3 Effects of antenna radius of ground station on BER performance
In the system design of the ground station, we may increase an aperture radius of the ground
station’s antenna in order to satisfy the required Effective Isotropic Radiated Power (EIRP)
of the transmitter system or the G/T of the receiver system. In this section, we estimate an
effect of increasing an aperture radius of the ground station’s antenna on BER affected by
atmospheric turbulence.
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Fig. 11. BER derived from the average received power (PEP) in the downlink in ae = 7.5 m
The EIRP of the transmitter system is defined as the product of a transmitting power and an
antenna gain of the transmitting antenna. The transmitting power Pt is obtained by
Pt =
1
Z0
·
∫∫ ∞
−∞
dr |uin(r, 0)|
2 =
A
Z0
, (56)
where uin(r, 0) is given by (15). The antenna gain of the transmitting antenna Gt is defined by
Gt =
4piz2LS
Pt
, (57)
where S denotes the received power density at (0, zL):
S =
|u(0, zL)|
2
Z0
=
1
Z0
·
2A
piw2
. (58)
Thus, the antenna gain can be expressed by
Gt =
4piz2LS
Pt
=
8z2L
w2
=
8z2L
w20(1+ p
2)
≃ 2(kw0)
2, (59)
where it is assumed that p2 = 4z2L/(k
2w40) ≫ 1, which is satisfied in this model of analysis.
Using (56) and (59), the EIRP of the transmitter system can be described by
EIRP = Pt · Gt =
2A(kw0)
2
Z0
. (60)
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The G/T of the receiver system can be expressed by the ratio of an antenna gain of the
receiving antenna to the system noise temperature. The antenna gain of the receiving antenna
Gr can be described by
Gr =
4pi
λ2
Se = 4pi ·
(
k
2pi
)2
·
pia2e
2
=
(kae)2
2
, (61)
where Se = pia2e/2 because the aperture efficiency of the receiving antenna, whose field
distribution is given by (32), is 0.5. The system noise temperature Ts is obtained by
Ts =
N0
kB
, (62)
where kB denotes Boltzmann’s Constant. Thus, the G/T of the receiver system can be
described by
G/T =
Gr
Ts
=
kB
N0
·
(kae)2
2
. (63)
On the other hand, using (19) and (34), Eb/N0 in free space is obtained by
Eb
N0
=
Pin(zL) · Tb
N0
=
Tb
N0
·
A
Z0
a2e
w2 + a2e
≃
Tb
kBTs
·
A
Z0
a2e
w2
=
Tb
kBTs
·
A
Z0
· a2e ·
k2w20
4z2L
, (64)
where it is assumed that ae/w ≪ 1. Using the EIRP and the G/T obtained by (60) and (63)
respectively, Eb/N0 in free space can be expressed by
Eb
N0
=
Tb
kB
·
A
Z0
· 2(kw0)
2 ·
1
(2kzL)2
·
(kae)2
2Ts
=
Tb
kB
· Pin · Gt ·
1
(2kzL)2
·
Gr
Ts
=
Tb
kB
· EIRP ·
1
(2kzL)2
·G/T. (65)
Note that (2kzL)
2 is the free space path loss.
3.3.1 Uplink
Using (65), we can describe BER derived from the average received intensity given by (50) in
the uplink:
PEI =
1
2
erfc
(√
SI ·
Tb
kB
· EIRP ·
1
(2kzL)2
·G/T
)
. (66)
Fig. 12 shows the BER as a function of kw0 under the condition that G/T and EIRP keep
constant, where the transmitting power A/Z0 changes in inverse proportion to the square
of kw0 in (60). It is found that the BER affected by atmospheric turbulence increases as
kw0 becomes large, whereas the BER in the absence of atmospheric turbulence plotted by
the dashed line does not change. Fig. 13 shows the BER for various beam radius at the
transmitting antenna w0 as a function of Eb/N0 obtained by (65). It is shown that BER
increases as w0 becomes larger as well as Fig. 12.
The reason for the increase in BER is as follows.
We have shown that spot dancing of wave beams due to atmospheric turbulence causes the
increase in BER for the uplink in Sec. 3.2.1. From each profile of the intensity in the absence
of atmospheric turbulence plotted by the dashed line in Figs. 14 to 17, it is found that the
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Fig. 12. BER derived from the average received intensity in the uplink as a function of kw0
when the EIRP of the transmitter system keeps constant.
Fig. 13. BER derived from the average received intensity in the uplink for various beam
radius at the transmitting antenna w0 as a function of Eb/N0.
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Fig. 14. Average intensity for the uplink in the beam radius at the transmitting antenna
w0 = 1.2 m normalized by the intensity on a beam axis in free space as a function of the
distance from the center of the receiving antenna scaled by w1, which denotes the beam
radius at the plain of the receiving antenna for w0 = 1.2 m.
Fig. 15. Same as Fig 14 except for w0 = 2.5 m.
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Fig. 16. Same as Fig 14 except for w0 = 5.0 m.
Fig. 17. Same as Fig 14 except for w0 = 7.5 m.
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beam spot size at the plain of the receiving antenna becomes smaller as w0 increases. The
displacement of the arrived beam axis due to spot dancing makes the received intensity
decrease considerably faster as the beam spot size becomes smaller. Therefore, the average
intensity affected by atmospheric turbulence decreases at the center of the receiving antenna
and the profile is spread as w0 increases as shown in Figs. 14 to 17. This is why BER in the
uplink increases as an aperture radius of the ground station’s antenna becomes larger.
From these results, we find that the increase in the transmitting power is better than the
increase in the aperture radius of the ground station’s antenna in order to satisfy the required
EIRP from the point of view of the decrease in an influence of atmospheric turbulence on BER
in the uplink.
3.3.2 Downlink
For the downlink, we can obtain BER derived from the average received power given by (53):
PEP =
1
2
erfc
(√
SP ·
Tb
kB
· EIRP ·
1
(2kzL)2
·G/T
)
. (67)
Fig. 18 shows the BER as a function of kae under the condition that EIRP and G/T keep
constant, where the noise power density N0 changes in inverse proportion to the square
of kae in (63). It is found that the BER affected by atmospheric turbulence increases as kae
becomes larger. Fig. 19 shows the BER for various aperture radius of the receiving antenna as
a function of Eb/N0 obtained by (65). It is shown that BER increases as ae becomes larger as
well as Fig. 18. From results of the DOC in Fig. 9, it is found that the spatial coherence radius
becomes smaller relative to a radius of the receiving antenna and then the spatial coherence
Fig. 18. BER derived from the average received power in the downlink as a function of kae
when the G/T of the receiver system keeps constant.
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Fig. 19. BER derived from the average received power in the downlink for various aperture
radius of the receiving antenna ae as a function of Eb/N0.
of received waves decreases as the radius of the antenna increases. The effect of the spatial
coherence of received waves causes the decrease in the average received power and results in
the degradation of BER performance.
From these results, it is found that the decrease in the system noise temperature by the
improvement of a receiver’s noise is better than the increase in an aperture radius of the
ground station’s antenna in order to decrease an influence of atmospheric turbulence on BER
for the downlink in the design to satisfy the required G/T.
4. Conclusion
We analyzed BER derived from the average received power, which is deduced by the second
moment of a Gaussian wave beam, for the GEO satellite communications in Ka-band at low
elevation angles affected by atmospheric turbulence. We find the followings:
1. For the uplink, the decrease in the average received intensity caused by spot dancing of
wave beams degrades the BER performance. However, the spatial coherence of received
wave beams decreases little and there are little influences of this spatial coherence on BER.
2. For the downlink, the decrease in the spatial coherence of received wave beams degrades
the BER performance. However, spot dancing of wave beams influences little on BER.
3. In the design of the ground station, the increase in a transmitting power for the uplink or
the decrease in the noise temperature of the receiver system for the downlink is better than
the increase in an aperture radius of the ground station’s antenna in order to satisfy the
required EIRP of the transmitter system or G/T of the receiver system from the point of
view of the decrease in an influence of atmospheric turbulence on BER performance.
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In this chapter, we do not consider effects of the higher moment of a Gaussian wave beams
on BER. At the next stage, we will analyze effects of the fourth moment of received wave
beams on BER for the GEO satellite communications. Furthermore, we have to consider the
probability density function (PDF) about the bit error of satellite communications affected by
atmospheric turbulence in order to make a more actual analysis. An introduction of the PDF
is a future problem.
5. References
Andrews, L. C. & Phillips, R. L. (2005). Laser Beam Propagation through Random Media, 2nd edn,
SPIE Press.
Fante, R. L. (1975). Electromagnetic beam propagation in turbulent media, Proceedings of the
IEEE 63(12): 1669–1692.
Fante, R. L. (1980). Electromagnetic beam propagation in turbulent media: An update,
Proceedings of the IEEE 68(11): 1424–1443.
Hanada, T., Fujisaki, K. & Tateiba, M. (2008a). Theoretical analysis of bit error rate of satellite
communication in Ka-band under spot dancing and decrease in spatial coherence
caused by atmospheric turbulence, Progress In Electromagnetics Research C 3: 225–245.
Hanada, T., Fujisaki, K. & Tateiba, M. (2008b). Theoretical analysis of bit error rate of
satellite communications in Ka-band through atmospheric turbulence, Proceedings
of the 7th Asia-Pacific Engineering Research Forum on Microwaves and Electromagnetic
Theory, Fukuoka Institute of Technology, Fukuoka, Japan, pp. 7–13.
Hanada, T., Fujisaki, K. & Tateiba, M. (2009a). Average bit error rate for satellite downlink
communications in Ka-band under atmospheric turbulence given by Gaussian
model, Proceedings of 2009 Asia-Pacific Microwave Conference (APMC 2009), Singapore.
Hanada, T., Fujisaki, K. & Tateiba, M. (2009b). Average bit error rate for satellite uplink
communications in Ka-band under atmospheric turbulence given by Gaussian
model, Proceedings of the 15th Asia-Pacific Conference on Communications (APCC 2009),
Shanghai, China, pp. 438–441.
Hanada, T., Fujisaki, K. & Tateiba, M. (2009c). Theoretical analysis of bit error
rate for downlink satellite communications in Ka-band through atmospheric
turbulence using Gaussian model, Proceedings of 2009 Korea-Japan Joint Conference on
AP/EMC/EMT, Incheon, Korea, pp. 35–38.
Hanada, T., Fujisaki, K. & Tateiba, M. (2009d). Theoretical analysis of bit error rate for satellite
communications in Ka-band under atmospheric turbulence given by Kolmogorov
model, Journal of Electromagnetic Waves and Applications 23(11–12): 1515–1524.
Ippolito, L. J. (2008). Satellite Communications Systems Engineering: Atmospheric Effects, Satellite
Link Design and System Performance, John Wiley and Sons, Ltd.
Ishimaru, A. (1997). Wave Propagation and Scattering in Random Media, IEEE Press and Oxford
University Press.
Karasawa, Y., Yamada, M. & Allnutt, J. E. (1988). A new prediction method for tropospheric
scintillation on earth-space paths, IEEE Transactions on Antennas and Propagation
36(11): 1608–1614.
Karasawa, Y., Yasukawa, K. & Yamada, M. (1988). Tropospheric scintillation in the 14/11-GHz
bands on earth-space paths with low elevation angles, IEEE Transactions on Antennas
and Propagation 36(4): 563–569.
Martini, E., Freni, A., Facheris, L. & Cuccoli, F. (2006). Impact of tropospheric scintillation
in the Ku/K bands on the communications between two LEO satellites in a
51Theoretical Analysis of Effects of Atmosphericurbule ce on Bit Error Rate for Satellite Communications in Ka-b d
www.intechopen.com
24 Will-be-set-by-IN-TECH
radio occultation geometry, IEEE Transactions on Geoscience and Remote Sensing
44(8): 2063–2071.
Marzano, F. S., Riva, C., Banich, A. & Clivio, F. (1999). Assessment of model-based scintillation
variance prediction on long-term basis using Italsat satellite measurements,
International Journal of Satellite Communications 17: 17–36.
Matricciani, E., Mauri, M. & Riva, C. (1997). Scintillation and simultaneous rain attenuation
at 12.5 GHz to satellite Olympus, Radio Science 32(5): 1861–1866.
Matricciani, E. & Riva, C. (2008). 18.7 GHz tropospheric scintillation and simultaneous rain
attenuation measured at Spino d’Adda and Darmstadt with Italsat, Radio Science 43.
Mayer, C. E., Jaeger, B. E., Crane, R. K. & Wang, X. (1997). Ka-band scintillations:
Measurements and model predictions, Proceedings of the IEEE 85(6): 936–945.
Otung, I. E. (1996). Prediction of tropospheric amplitude scintillation on a satellite link, IEEE
Transactions on Antennas and Propagation 44(12): 1600–1608.
Otung, I. E. & Savvaris, A. (2003). Observed frequency scaling of amplitude scintillation at 20,
40, and 50 GHz, IEEE Transactions on Antennas and Propagation 51(12): 3259–3267.
Peeters, G., Marzano, F. S., d’Auria, G., Riva, C. & Vanhoenacker-Janvier, D. (1997). Evaluation
of statistical models for clear-air scintillation prediction using OLYMPUS satellite
measurements, International Journal of Satellite Communications 15: 73–88.
Rytov, S. M., Kravtsov, Y. A. & Tatarskii, V. I. (1989). Principle of Statistical Radiophysics 4 Wave
Propagation through Random Media, Springer-Verlag.
Strohbehn, J. W. (ed.) (1977). Laser Beam Propagation in the Atmosphere, in Topics in Applied
Physics, Springer-Verlag, Berlin and New York.
Tatarskii, V. I. (1961). Wave Propagation in a Turbulent Medium, McGraw-Hill, New York.
Tatarskii, V. I. (1971). The Effects of the Turbulent Atmosphere on Wave Propagation, Israel Program
for Scientific Translations, Jerusalem.
Tatarskii, V. I., Ishimaru, A. & Zavorotny, V. U. (eds) (1993). Wave Propagation in Random
Media (Scintillation), The Society of Photo-Optical Instrumentation Engineers and IOP
Publishing Ltd.
Tateiba, M. (1974). Moment equation of a wave propagating through random media, Memoirs
of the Faculty of Engineering, Kyushu University 33(4): 129–137.
Tateiba, M. (1975). Mechanism of spot dancing, IEEE Transactions on Antennas and Propagation
AP-23(4): 493–496.
Tateiba, M. (1982). Multiple scattering analysis of optical wave propagation through
inhomogeneous random media, Radio Science 17(1): 205–210.
Tateiba, M. (1985). Some useful expression for spatial coherence functions propagated through
random media, Radio Science 20(5): 1019–1024.
Uscinski, B. J. (1977). The Elements of Wave Propagation in Random Media, McGraw-Hill, Inc.
Vasseur, H. (1999). Prediction of tropospheric scintillation on satellite links from radiosonde
data, IEEE Transactions on Antennas and Propagation AP-47(2): 293–301.
Wang, T. & Strohbehn, J. W. (1974). Log-normal paradox in atmospheric scintillations, Journal
of the Optical Society of America 64(5): 583–591.
Wheelon, A. D. (2003). Electromagnetic Scintillation II. Weak Scattering, Cambridge University
Press.
52 Advances in Satellite Communications
www.intechopen.com
Advances in Satellite Communications
Edited by Dr. Masoumeh Karimi
ISBN 978-953-307-562-4
Hard cover, 194 pages
Publisher InTech
Published online 27, July, 2011
Published in print edition July, 2011
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
Satellite communication systems are now a major part of most telecommunications networks as well as our
everyday lives through mobile personal communication systems and broadcast television. A sound
understanding of such systems is therefore important for a wide range of system designers, engineers and
users. This book provides a comprehensive review of some applications that have driven this growth. It
analyzes various aspects of Satellite Communications from Antenna design, Real Time applications, Quality of
Service (QoS), Atmospheric effects, Hybrid Satellite-Terrestrial Networks, Sensor Networks and High Capacity
Satellite Links. It is the desire of the authors that the topics selected for the book can give the reader an
overview of the current trends in Satellite Systems, and also an in depth analysis of the technical aspects of
each one of them.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Tatsuyuki Hanada, Kiyotaka Fujisaki and Mitsuo Tateiba (2011). Theoretical Analysis of Effects of Atmospheric
Turbulence on Bit Error Rate for Satellite Communications in Ka-Band, Advances in Satellite Communications,
Dr. Masoumeh Karimi (Ed.), ISBN: 978-953-307-562-4, InTech, Available from:
http://www.intechopen.com/books/advances-in-satellite-communications/theoretical-analysis-of-effects-of-
atmospheric-turbulence-on-bit-error-rate-for-satellite-communicat
© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.
